In the previous communication we described a histochemical method for measuring soluble guanylate cyclase (sGC) activity in sections of rat liver. In theory, this method could be used to assess nitric oxide synthase (NOS) activity by the increased sGC activity induced by the additional presence of the substrates for NOS activity. We found that this was correct provided that the concentration of the colloid stabilizer in the reaction medium was decreased to just below the concentration required to fully stabilize the guanylate cyclase activity in the sections. This was related to the fact that the
Introduction
In the preceding report we described a histochemical method for measuring both membrane-bound and soluble (cytosolic) guanylate cyclase (sGC) activity in hepatocytes (Mehdizadeh et al., 1995) . It is known that the cytosolic component is activated by nitric oxide (NO) generated by nitric oxide synthase (NOS) (Waldman and Murad, 1987) . At first glance it seemed simple to extend the histochemical method for guanylate cyclase activity by testing whether the activity measured by this method was stimulated if done in the presence of the reagents required for NOS activity, which is said to occur in the cytosol of cells (Marletta, 1993) . However, there is reason to believe that the main source of constitutive NOS activity in the liver is the Kupffer cell (Stuehr and Griffith, 1992; Moncada, 1990) . If this is correct, the NO generated in the Kupffer cells would have to diffuse into the adjacent hepatocytes to activate the hepatocyte sGC. This would involve an unusual problem in this type of histochemistry: to retain the sGC activity it is necessary to stabilize the sections with an adequate concentration of a colloid stabilizer (as discussed by Chayen, 1980 site of NOS activity was different from that of the sGC activity in the hepatocytes, so that the NO generated had to diffuse from the Kupffer cells to the hepatocytes as could occur only in partially unstabilized sections. Optimal concentrations of arginine and of NADPH have been determined for demonstrating NOS activity; the increased reaction was shown to be largely inhibited by methyl-arginine. (1 Hisrochem Cytochem 43:1229 -1234 , 1995 KEY WORDS: Nitric oxide synthase; Guanylate cyclase; Rat liver; Unfixed cryostat sections; Microdensitometry. in general), but to demonstrate NOS activity it may be necessary to destabilize the sections of rat liver sufficiently to allow diffusion of the NO from the Kupffer cells to the hepatocytes, but without losing both sGC and NOS activities into the reaction medium.
The present investigation was based on the fact that NO produced by the activity of NOS stimulates sGC activity (Moncada, 1990; Marletta, 1989; Waldman and Murad, 1987) . The optimal pH for the sGC activity in our system was shown to be pH 7.4 (Mehdizadeh et al., 1995) . We therefore decided to test whether this activity could be enhanced by adding the substrate and co-factor for NOS activity to the reaction medium for guanylate cyclase activity.
Materials and Methods
Female Wistar rats (-200 g body weight) were sacrificed by cervical dislocation. Small pieces of the liver (-5 cmi) were chilled by immersion for 1 min in n-hexane (low in aromatic hydrocarbons grade) (BDH; Poole. UK) maintained at -70°C. They were lifted out of the hexane with cold forceps and transferred to cold, dry tubes at -70°C; these contained a small piece of filter paper to remove any residual hexane from the specimen. On the same day they were cut at 14 pm (Mehdizadeh et al., 1995) in a cryostat (Bright Instruments; Hunringdon, UK) fitted with an automatic drive to ensure constant thickness of the sections (Chayen, 1980) . The temperature of the cabinet was -25°C; the knife was cooled further by having solid CO2 packed around its haft. The sections were flash-dried (Chayen and Bitensky, 1991) and stored briefly at room temperature in a desiccator, with silica gel as the desiccant.
After the sections had been reacted they were rinsed in water, air-dried, and mounted in absolute glycerine. The reaction product in individual cells within a defined region from section to section was measured with a Vickers M8SA scanning and integrating microdensitometer (Biorad Instruments; York, UK) with a x 40, 0.6 NA objective and the smallest spot size. The light was of 585 nm wavelength. The reaction product was measured in 20 cells in each duplicate section and the results were converted to units of absolute extinction (Chayen. 1980) . For simplicity, they were multiplied by 100 and expressed as the mean integrated extinction x 100 ( M E x 100).
Unless otherwise specified, all reagents were obtained from Sigma (Poole, UK).
Results

Prehninary Attempts to Demonstrate NOS Activity
The aim was to obtain some measure of NOS activity by virtue of the ability of its product, NO, to stimulate the associated soluble guanylate cyclase (sGC) activity. For histochemical demonstration of such soluble enzymes, it is necessary to have fresh, unfixed sections and to do the histochemical reaction in the presence of a concentration of a colloid stabilizer sufficient to retain soluble material inside the section during the reaction. The stabilizer Polypep 5115 (Sigma) is derived from collagen. We have shown (Mehdizadeh et al., 199s ) that a 35% solution of Polypep is required to retain sGC during the histochemical reaction.
The histochemical reaction for sGC was therefore done with and without the addition of 1 mM arginine and 1 mM NADPH, at pH 7.4. The thickness of the sections was 14 pm. To define the importance of the concentration of the Polypep, some sections were also reacted at 37°C with either 40%, 35%, or 30% Polypep 5115. The results ( Fig. 1) were unexpected. In the presence of 40% Polypep 5115 the activity was low. This might be accounted for by the higher viscosity of the medium impeding the diffusion of the NO to the sGC. Of greater concern was that the presence of arginine and NADPH caused only a slight increase in activity at 15 min and that this difference between the activities, with or without arginine and NADPH, remained constant. This implies that any influence of NOS on the sGC activity was limited to the first 15 min.
There was a similar finding in the presence of 35% Polypep 5115. Although the overall activity almost doubled between 15 and 30 min, the extra activity caused by the presence of arginine and NADPH remained the same. In contrast, in 30% Polypep 5115, both the sGC activity and the extra activity induced by the addition of arginine and NADPH increased over the second period of reaction, i.e., between 15 and 30 min.
In view of these findings it was necessary to check how well the 30% Polypep retained guanylate cyclase activity inside the section. Sections were therefore reacted in medium containing either 40% or 30% Polypep. For those reacted in 40% Polypep, the activities at 20 min, 40 min, and in the split incubation of 20 + 20 min (which allows loss of free enzyme during the first period of incubation and also during the change of the incubation medium) were 25.6 f 1.1.45.9 0.5, and 44.0 f 0.6 (split reaction), indicating complete retention of activity in the split reaction. For the sections 
Effect of Azide
Biochemical studies (Waldman and Murad, 1987) had shown that azide inhibits guanosine triphosphatase (GT) without affecting GS activity. Similarly, inhibition has been found in tissue sections reacted in the presence of 35% Polypep (Mehdizadeh et al., 1995) . However, it was necessary to check that this was also true for sections reacted in the lower concentration of the Polypep and whether, in the presence of azide, the guanylate cyclase activity could be stimulated by arginine and NADPH. Sections were therefore reacted in 30% Polypep 5115 for the total response to guanosine triphosphate (GTP 10 mM), for the possible inhibition of this response in the presence of 2.5 mM azide, and whether the inhibited response could be stimulated by the substrates for NOS activity ( 5 mM arginine, 1 mM NADPH). After a 30-min reaction the response to GTP alone was 48.3 2 0.8. The presence of azide decreased this activity to 31.2 0.6, and the further addition of arginine, and NADPH raised this value to 38.0 f 0.8. Equivalent results were obtained with shorter reaction times. Consequently, a measure of the NOS activity can be given by the increased guanylate cyclase activity induced by the presence of arginine and NADPH.
Characteristics of the Reaction
The medium for these studies contained 30% Polypep 5115. 1 mM NADPH, GTP (10 mM) in 0.2 M Tris buffer containing 2.5 mM sodium azide, pH 7.4. The reaction time was 30 min. Varying the concentration of arginine in the reaction medium gave responses of 35.8 2 0.6 with 1 mM, 40.5 k 0.5 with 2.5 mM, 42.9 2 0.9 with 5 mM, and 43.6 0.7 with 10 mM. With 20 mM the activity was slightly depressed (41.5 k 0.7). Similar results were obtained in a second test of how the concentration of arginine affected the activity.
In studying the effect of different concentrations of NADPH, the initial activity of sections reacted with GTP (10 mM), arginine (1 mM), and azide (2.5 mM) was 25.0 2 1.0. It increased to 28.5 2 0.5 in response to 1 mM NADPH, to 33.1 2 0.7 in response to 5 mM, and to 35.5 k 1.0 against 10 mM NADPH. In view of the expense of this reagent, 1 mM suffices.
Studies on the Specifi'city of the Reaction
NOS activity requires the presence of L-arginine and NADPH. Consequently, the specificity of the reaction was tested as follows: duplicate sections (14 pm) were reacted in one of the following media: (a) the medium alone without a substrate; (b) the medium with GTP at 10 mM either alone or with L-arginine (5 mM) or NADPH (1 mM); (c) the medium with guanosine triphosphate (10 mM) together with either L-arginine (5 mM) with NADH (1 mM) or with D-arginine (5 mM) and NADPH (1 mM). Azide (2.5 mM) was present in all media. Each of these additions caused little more activity than did GTP alone. However the addition of L-arginine and NADPH produced a marked elevation of activity (Table 1) . Consequently, a measure of NOS activity demonstrated in this test must be the difference in activity induced in the presence of GTP together with L-arginine and NADPH minus that induced by GTP alone, e.g., 41.1 2 1.0 minus 33.8 2 0.5 (Table 1, second column) .
The need to use this difference in activities to measure the NOS activity was shown in studies in which L-methyl arginine was included in the reaction-medium to inhibit NOS activity (Table 2) . The lower concentration of the methyl arginine eliminated the increased GC activity induced by the presence of arginine (1 mM) and NADPH (1 mM). With 6 mM methyl arginine there was an even greater decrease in activity. This might imply that some of the activity in response to the GTP alone could have been due to NOS acting on endogenous substrates, but it may be safer to rely on the difference in GC activity induced by the presence of arginine and NADPH (32.4-26.8) rather than on the depressed activity found with the higher concentration of methyl arginine (i.e., not 32.4-23.2).
Storage of Tissue
The reactions described in all of this work were done on tissue on the day that it had been chilled. It is obviously convenient to be able to do these reactions a few days afterwards. Consequently, a study was made on sections of tissue reacted the same day that the tissue had been chilled, and on sections of another piece of the same tissue that had been kept at -70°C for 1 week. The results (Table 3) showed that whereas the guanylate cyclase activity was unimpaired, the increased guanylate cyclase activity induced by NOS activity was completely lost.
Time Coarse of NOS Activity
As shown in Table 4 , in sections reacted in a medium that contained 30% Polypep 5115, doubling the time of reaction for sGC activity showed a doubling of the recorded activity. In contrast, in the presence of arginine and NADPH, twice the reaction time gave considerably more activity. Particularly in the second study in Table 4, it appeared that least 15 min was required before the second activity, i.e., the increase induced by NOS activity, could become fully manifest. Because the substrates for this activity, arginine and NADPH, are readily soluble, they should have reached the site of the enzyme rapidly. The lag in activity might be due to the time taken for the product, NO, to be produced in sufficient concentration, to diffuse to the site of the soluble guanylate cyclase, and to cause detectable stimulation. This is in keeping with the notion that the NO is formed in the Kupffer cells and must diffuse to the neighboring hepatocytes in sufficient concentration to influence the soluble guanylate cyclase of these hepatocytes.
Discussion
Cytosolic guanylate cyclase activity (Fiille and Garbers, 1994) is implicated in a wide range of cellular activities (Waldman and Murad, 1787; Stuehr and Griffith, 1992) . It is activated by N O generated by NOS. The diffusion of the NO generated by one type of cell to act on a neighboring cell type has been shown to be as great as 100 pm (Lancaster, 1994; Malinski et al., 1993) . However, the rate of diffusion of NO in a medium as viscous as 30% Polypep 5115 has not been measured. Moreover, there is no information concerning the possible permeability barrier associated with the plasma membranes of the Kupffer cells and the hepatocytes.
It was of interest to be able to measure NOS activity, which initiates this "pathway for the regulation of cell function and communication" (Moncada et al., 1989) . The localization of NOS has been the subject of many immunochemical studies (e.g., Tracey et al., 1994; Onstott et al., 1993) . However, there are some limitations to such investigations. First, in general they are only qualitative, and, second, they demonstrate immunoresponsive molecules of NOS, whether these are active or not.
NOS requires arginine and NADPH as substrates. Although the precise role of the NADPH is still not clear, there is evidence that it, and no similar compound, is essential for the reaction (Stuehr and Griffith. 1992) . What is clear is that the reaction converts arginine to citrulline, with the evolution of NO, which is a short-lived free radical. Consequently, it has been impractical to demonstrate NOS activity by a direct histochemical reaction. Two groups have tried to overcome this problem by measuring the activity of NADPH diaphorase, which they claim to be synonymous with NOS activity (e.g., Dawson et al., 1991; Hope et al., 1991) . This claim is difficult to reconcile with the biochemical evidence that NOS occurs in the cytosol, whereas NADPH diaphorases are normally bound to cell membranes. Moreover, these authors accept that, in some tissues, NADPH diaphorase does occur in the absence of NOS (Dawson et al., 1991) . The subject has been discussed more fully recently (Chayen et al., 1994) .
The present study was initiated to try to demonstrate NOS activity through its influence on the soluble guanylate cyclase activity that is measurable (Mehdizadeh et al., 1995) . It was first shown that during the histochemical reaction the soluble guanylate cyclase activity was preserved, provided that the reaction was done in a reaction medium that contained 35% Polypep 5115. However, under these conditions the inclusion of arginine and NADPH in the reaction medium caused only a slight increase in the recorded activity and this increase was not or was only slightly enhanced by a longer reaction time, This might imply that the cells used what NADPH and arginine was endogenous to them but that the hepatocytes were unable to receive additional NO. In contrast, when (Stuehr and Griffith, 1992) and that the result of such activity (i.e., NO) diffuses into the hepatocytes to activate the soluble guanylate cyclase activity. The increase in guanylate cyclase activity in the presence of L-arginine together with NADPH was shown to be specific in that substitution of the NADPH by NADH, or of the L-arginine by D-arginine, or the use of either L-arginine or NADPH alone, caused no increase in activity (Table 1) . Moreover the increased activity caused by t-arginine and NADPH was inhibited by L-methyl arginine, which is known (Stuehr and Griffith, 1992) to be a specific inhibitor of NOS (Table 2) .
A measure of the NOS activity was taken to be the increase in activity in the hepatocytes occasioned by the presence of arginine and NADPH (activity with the guanylate cyclase medium plus arginine and NADPH minus activity with the guanylate cyclase medium alone). It was notable that sometimes there was a lag period before there was a difference in these activities. It may therefore be advisable to have a preliminary incubation in which any free (soluble) phosphate would be removed, to allow the NOS to operate and influence the hepatic soluble guanylate cyclase.
The suggested method for estimating NO synthase activity is as follows. The tissue is chilled and sectioned, as in Materials and Methods. In contrast to the measurement of guanylate cyclase activity, the estimation of NOS activity must be done on the day that the tissue is chilled. The reaction for sGC activity is done in the presence of 30% (not 35%) Polypep 5115; the medium also contains L-arginine ( 5 mM) and preferably 5 mM NADPH (1 mM NADPH can be used to cut the expense, but it is not ideal). In all other respects the procedure and the mode of measurement are as described for measuring guanylate cyclase activity (Mehdizadeh et al., 1995) .
The procedure for assessing NOS activity is being used in assaying the concentration of a material that becomes elevated in experimental hypertension.
